Many genes involved in reproduction have evolved at a rapid rate in diverse taxonomic groups. We use new data for the mammalian reproductive gene that encodes acrosin to document patterns of adaptive evolution and rapid divergence. Likelihood scores for neutral and selection models indicate that molecular evolution of the Acr gene is driven by positive selection. Comparisons of Acr sequences to mitochondrial genes and a nuclear intron show that reproductive genes can be informative phylogenetic markers. In bovid artiodactyls (cattle, sheep, goats, and antelopes), exon 5 of Acr is highly variable, is characterized by a low level of homoplasy, and has a fairly even spread of substitutions across the 3 codon positions. Impressive congruence with independent DNA data sets suggests that Acr, and perhaps additional rapidly evolving reproductive molecules, show promise for resolving evolutionary radiations of mammals.
Sequence comparisons suggest that many mammalian reproductive molecules, both egg-and sperm-specific, have evolved at a rapid rate relative to other genes (Makalowski and Boguski 1998; Swanson and Vacquier 2002) . ''Reproductive genes,'' as defined here, encode proteins that act postcopulation and mediate gamete usage, signal transduction, and fertilization. Accelerated evolutionary change in such reproductive genes also has been documented in other animal groups (Civetta and Singh 1995; Lee et al. 1995; Metz and Palumbi 1996; Swanson and Vacquier 1995) . In many cases, molecular divergence of reproductive molecules is thought to be driven by positive selection, as indicated by high rates of nonsynonymous relative to synonymous change (Jansa et al. 2003; Swanson et al. 2003; Swanson and Vacquier 2002; Yang and Bielawski 2000) .
Neutrally evolving loci are often favored for population genetics studies and for the reconstruction of phylogeny, but some authors have argued that directional selection at the molecular level can improve phylogenetic estimates, particularly in cases where the gene is thought to be intimately involved in the speciation process (Ting et al. 2000; Wu 2001 ). All else being equal, a neutral allele will not become fixed in a population as quickly as a mutation that is selectively advantageous relative to all other variants. If inconsistent sorting of ancestral polymorphisms (Pamilo and Nei 1988 ) is a strong determinant of incongruence in systematic studies, directional selection on a locus should reduce heterozygosity and the probability of incongruence due to fixation of alternative alleles in sister taxa. In addition, because of rapid fixation, adaptive nucleotide substitutions should accumulate at a much faster rate than neutral or slightly deleterious substitutions. Therefore, reproductive protein genes could be especially useful nuclear markers for resolving radiations of mammalian species, as a complement to other quickly evolving molecular markers such as mitochondrial (mt) DNA, introns, and pseudogenes.
The reproductive gene Acr encodes acrosin, a multifunctional protein that is abundant in the acrosomal compartment of the sperm head (Jones et al. 1988; Kashiwabara et al. 1990 ). In the early stages of fertilization, acrosin is cleaved to yield several biologically active polypeptides, 2 of which compose a serine protease (Baba et al. 1989) . Acrosin is thought to be important for secondary binding of sperm to the egg zona pellucida and subsequent proteolysis of the extracellular egg coat. Because a mouse knockout of Acr remained fertile, the functional significance of acrosin has been questioned (Baba et al. 1994) . However, penetration of the zona pellucida in acrosin-deficient mice was significantly delayed, and there is ample evidence that acrosin is released during the acrosome reaction, binds the zona pellucida, and is critical for dispersion of acrosomal contents (Furlong et al. 2005; Jones et al. 1988; Tranter et al. 2000; Urch and Patel 1991; Yamagata et al. 1998 ).
The gene Acr was ranked as the 101st fastest evolving protein-coding region in a recent comparison of 1,880 orthologues in Primates and Rodentia (Makalowski and Boguski 1998) . A previous comparative analysis of Acr sequences from 10 mammal species revealed some evidence for adaptive change in this molecule, but P-values were marginal in comparisons of neutral models to selection models (Swanson et al. 2003) . Furthermore, large divergences between many of the sequences prevented comparison of the most rapidly evolving segment of Acr, exon 5 (Adham et al. 1996; Zahn et al. 2002) . This region encodes the carboxy terminus, a proline-rich domain that is not present in other serine proteases and is cleaved during maturation of acrosin (Adham et al. 1996; Baba et al. 1989) . The function of this region has been debated. Some studies suggest a role in secondary binding of sperm to the zona pellucida (Furlong et al. 2005; Mori et al. 1995; Tranter et al. 2000) , whereas Baba et al. (1989) noted that this hydrophilic domain might be important for maintaining a high concentration of acrosin in the sperm head.
Here, we present new DNA sequence data from exon 5 of Acr for 20 closely related ruminant species and outgroup taxa. Our goals are to determine whether the pattern of nucleotide substitution in Acr is consistent with adaptive change, to test the phylogenetic utility of Acr sequences for resolving relationships among Bovidae (cattle, antelopes, sheep, and close relatives), and to compare the level of homoplasy and variability in Acr to that of genes used in previous systematic studies of closely related mammalian species.
MATERIALS AND METHODS
Taxa.-The artiodactyl family Bovidae 1st appears in the fossil record ;20 million years ago in the Early Miocene and has undergone a series of radiations that have resulted in ;140 extant species (Nowak and Walker 1991; Vrba 1985) . Bursts of speciation have made systematic analyses of Bovidae difficult; short internodes in the bovid tree are difficult to reconstruct using standard methods (Allard et al. 1992; Gatesy et al. 1997; Hassanin and Douzery 1999; Polymerase chain reaction, sequencing, and sequence alignment.-Comparisons of published DNA sequences from Bos, Ovis, and Sus were used to design primers for exon 5 of Acr. We used a battery of primers to amplify a fragment of ;400 base pairs from different species. Forward primers were (59 to 39) ACRL3 ¼ GAGTCTACACGTCTACCTGG and BTACF1 ¼ TCTACCTGGTCCTATCTGAACTGG; reverse primers were BTACR1 ¼ TGGGTCCGTTGAGAAT-GGG, BTACR2 ¼ GTTGAGAATGGGTTCAGATCAGG, and ACRR2 ¼ GAGAATGAGTTCAGATCA. Using standard polymerase chain reaction protocols with 40-50 cycles (948C for 1 min, 50-558C for 1 min, 728C for 1 min), different combinations of forward and reverse primers yielded a fragment of expected size. Most polymerase chain reaction products were directly sequenced in both directions, and heterozygous nucleotide sites were coded as ambiguities. We cloned the remaining polymerase chain reaction products using the TOPO TA system (Invitrogen, Carlsbad, California), and 2 or 3 clones were sequenced for each species. We also used published Acr sequences of domestic artiodactyls in our analyses (B. taurus: GenBank number X68212; S. scrofa: GenBank number X58549- Adham et al. 1996) . New Acr sequences were deposited in GenBank (numbers EF033137-EF033158).
For comparative analyses of Acr, we compiled data sets for 3 mt genes and a nuclear intron. Mitochondrial cytochromeb sequences (1,137 base pairs) were available for all 20 bovid species in our analysis and the outgroup taxon T. napu (GenBank numbers AF016640, AF036281, AF034968, NC_001567, AF016637, AF016638, AF016635, AF036287, AF034723, AF034733, AF036285, AJ222683, AF190632, AJ222685, AF036288, U17859, AF034728, AF022055, AF022068, AF064487, and X56288- Groves and Shields 1996; Douzery 1999, 2000; Matthee and Robinson 1999; Pitra et al. 1998; ) . Fragments of mt 12S and 16S ribosomal (r) DNA sequences were published for most of these species (GenBank numbers M55539, U86970, U86974, U86980, U86982, U86983, U86984, U86985, U86987, U86988, U86989, U86992, U86993, U86994, U87002, U87003, U87005, U87020, U87024, U87030, U87032, U87033, U87034, U87035, U87037, U87038, U87039, U87042, U87043, U87044, U87052, U87053, U87055, and V00654- Anderson et al. 1982; Gatesy et al. 1992 Gatesy et al. , 1997 Kraus and Miyamoto 1991) . We generated mt rDNA sequences for N. granti, O. oreotragus, and N. moschatus in our laboratory, using protocols outlined in Gatesy et al. (1997) . New 12S and 16S rDNA sequences were deposited in GenBank (numbers EF033131-EF033136). Sptbn1 (spectrin, beta, nonerythrocytic 1) intron sequences (;620 base pairs) were available for 13 of the 20 bovids in our analysis (GenBank numbers AF210203, AF210209, AF210202, AF165718, AF210204, AF165774, AF165742, AF210214, AF210200, AF210215, AF210208, AF210211, and AY449535- Kuznetsova and Kholodova 2003) . Additionally, 2 taxa with published Sptbn1 intron sequences were close relatives of taxa in our analysis. In comparisons between Sptbn1 and Acr, Ovis aries (domestic sheep; GenBank number AF165790) was equated with O. dalli, and Moschiola meminna (Indian spotted chevrotain; GenBank number AF165662) was equated with T. napu. With these assumptions of monophyly, there was an overlap of 15 taxa between the Sptbn1 data set and the Acr data set.
For ruminant artiodactyls examined here (Bovidae and Tragulidae), Acr and mt cytochrome-b sequences did not require internal gaps to maintain alignment, but there was some length variation for mt rDNA genes and Sptbn1 introns. Multiple sequence alignments for these 3 genes were done with the program CLUSTALW (Thompson et al. 1994) . Opening gap penalty was set at 10, and the penalty for extension of a gap was 1. Exploration of alternative alignment parameters showed that nonruminant taxa (Lama, Sus, and Equus) introduced extensive alignment ambiguity, and these taxa were not included in comparative analyses of different genes.
Positive selection models. (Lee et al. 1995; Swanson and Vacquier 1995; Tsaur and Wu 1997) . This signal can be used to identify functionally important regions of proteins.
The criterion for positive selection that requires d N /d S . 1 for the entire gene is extremely stringent. Alternatively, variation in d N /d S among codon sites can be modeled (Nielsen and Yang 1998; Yang and Bielawski 2000; Yang et al. 2000a ). We used several nested models in the program PAML (Yang 1997) to test for variation in d N /d S among codon sites in the Acr alignment of 20 bovid species and the outgroup Tragulus. In all PAML analyses, we employed a maximum-likelihood tree based on evidence from 5 genes (see below); heterozygous nucleotide sites in the Acr DNA sequences were coded such that the number of mutational changes was minimized.
First, we compared a model with 1 d N /d S across all codon sites (M0) to a model with 3 discrete classes of d N /d S estimated from the data (M3). Second, we compared a nearly neutral model of codon evolution that includes 1 class of codon sites for which d N /d S is estimated in the interval 0-1 and a 2nd class of codon sites with a d N /d S of 1 (M1) to a selection model with an additional class of codon sites where d N /d S is estimated from the data (M2). Third, we compared a model that assumes a beta distribution of d N /d S across codon sites limited to the interval 0-1 (M7) with a selection model that includes an additional class of codon sites for which d N /d S is estimated from the data (M8). Finally, we tested if the estimated d N /d S ratios from models M2 and M8 were significantly greater than 1 by comparing M2 and M8 to identical models in which the estimated d N /d S ratios were instead fixed at 1 (models M2A and M8A, respectively).
We tested convergence of likelihood estimates by performing analyses from 3 different initial d N /d S . Likelihood ratio tests were used to determine if a selection model fit the data significantly better than the corresponding neutral model; a chisquare distribution with degrees of freedom equal to the difference in number of parameters between the 2 models was assumed. For each comparison, if the selection model was a better fit, a Bayes empirical Bayes approach was used to estimate codon sites subjected to positive selection (Anisimova et al. 2002; Yang and Nielsen 2002; Yang et al. 2005) .
Phylogenetic analyses, incongruence, and patterns of variation.-All phylogenetic analyses were done with PAUP* 4.0b10 (Swofford 1998) . In parsimony searches, all character transformations were weighted equally, and gaps were treated as missing data. For maximum-likelihood searches, models of evolution were chosen by the Akaike information criterion using MODELTEST 3.06 (Posada and Crandall 1998) and PAUP* (for model parameters see Appendix I). Parsimony and maximum-likelihood tree searches were heuristic with 50 replicates of random taxon addition and tree-bisectionreconnection branch swapping. The relative support for nodes was assessed by bootstrap analyses (Felsenstein 1985) . Informative characters (parsimony) or all characters (maximum likelihood) were resampled with replacement from the original data set. One thousand iterations were done for parsimony, and 100 iterations were executed for maximum likelihood. Each search in a bootstrap iteration was heuristic with 5 replicates of random taxon addition and tree-bisection-reconnection branch swapping. The following data sets were analyzed: Acr for 21 species (20 bovids and 1 tragulid), combined mtDNA (cytochrome b þ 12S rDNA þ 16S rDNA) for the same 21 species, Sptbn1 for 15 taxa (14 bovids and 1 tragulid), Acr for the same 15 taxa, and a simultaneous analysis of all 5 gene fragments for 21 species (this data set had some missing data for Sptbn1-see above). All topologies were rooted with Tragulus.
Conflicts among data partitions and among characters within partitions were measured as follows. The incongruence length difference test was used to assess the null hypothesis of congruence between data sets (Farris et al. 1994) . Three incongruence length difference tests were executed: Acr versus mtDNA, Acr versus Sptbn1, and Acr versus mtDNA þ Sptbn1. To establish a null distribution for each test, 999 random data partitions were generated, and P ¼ 0.05 was taken as the threshold for significance. To assess relative levels of homoplasy (character incongruence) in different data sets, partitions were mapped onto the topologies supported by combined analysis of all DNA data sets. The ensemble consistency index (CI; Kluge and Farris 1969) Sus scrofa (Baba et al. 1989 ) are marked by ''CC.'' The conserved sequence KRLQQLIE, which is thought to be considered in calculations of these indices. Likewise, the minimum number of substitutions per nucleotide site was assessed for different data sets by mapping changes onto trees supported by combined analysis of all data partitions. We also compared the percentage of nucleotide positions that were variable for each data set and for different codon positions of Acr and mt cytochrome b.
RESULTS AND DISCUSSION
Multiple sequence alignment.-Alignment of amino acid sequences inferred from the Acr exon 5 DNA sequences shows that divergence at the protein level has been high in this region of the molecule (Fig. 1) . Within ruminant artiodactyls, acrosin from the tragulid (T. napu) is more than 30% divergent from any of the bovid species in the analysis (range ¼ 32-37%), but no insertion or deletion events were apparent. For cytochrome b, a relatively rapidly evolving mt gene, the range of divergences for this comparison is only 8-12% at the amino acid level. Gaps in the acrosin alignment are between the most divergent taxa (i.e., Ruminantia, Sus, Lama, and Equus; Fig. 1 ) and are localized to a proline-rich region that is, in part, cleaved off during maturation of the acrosin protease (Baba et al. 1989) . A string of residues that is thought to be critical for zona pellucida binding, KRLQQLIE (Mori et al. 1995) , is in a highly conserved region of the acrosin alignment. For the 24 species examined here, there has been only 1 replacement in this stretch of amino acids (Fig. 1) .
Evidence of positive selection.-The average d N /d S across all codon sites and lineages for Acr was 0.77, which is higher than that of the majority of mammalian genes but by itself does not provide statistical support for adaptive evolution (Swanson et al. 2004 ). We tested for variation in d N /d S among codon sites using likelihood ratio tests (Table 1) . We 1st compared the model with 1 d N /d S (M0) to a model with 3 d N /d S ratios estimated from the data (M3). This comparison indicated significant variation in d N /d S among codon sites, but although it hints at adaptive evolution, it should not be considered a robust test (Swanson et al. 2001; Yang et al. 2000a ). We therefore examined 2 additional sets of nested models: the nearly neutral model M1 versus the selection model M2, and the neutral model M7 versus the selection model M8. In each comparison, the selection model was a significantly better fit than the alternative, neutral model (P , 0.001). According to the parameter estimates for M2 and M8, 14-17% of codon sites have been subjected to adaptive evolution with d N /d S . 3 (Table 1 ). These high d N /d S ratios were significantly greater than 1 according to comparisons between model M2 and M2A and between model M8 and M8A (P , 0.001; Table 1 ). Unlike Acr, the cytochrome-b data showed no signal of adaptive evolution (data not shown).
We used a Bayes empirical Bayes approach (Yang et al. 2005) to estimate which codon sites have been subjected to adaptive evolution ( Fig. 1; Table 1 ). Estimates from model M8, the most robust model used (Yang et al. 2000a) , suggested that positive selection has driven the evolution of 21 codon sites (including the 13 estimated by model M2). The codon sites were located throughout the sequenced region, but clustered in the hypervariable proline-rich region of the encoded protein (Fig. 1) . Many experimental studies of acrosin have used artiodactyls as model organisms (e.g., Adham et al. 1996; Jones et al. 1988; Mori et al. 1995) . Therefore, patterns of conservation and rapid evolution in our comparative analysis should be useful in directing future investigations of acrosin function. ,674.91 8, 13, 24, 35, 54, 60, 61, 64, 70, 73, 74, 77, 90 ,674.89 8, 9, 10, 12, 13, 15, 18, 20, 24, 26, 27, 29, 31, 32, 35, 44, 46, 50, 53, 54, 55, 56, 59, 60, 61, 63, 64, 66, 68, 70, 71, 72, 73, 74, 75, 76, 77, 78, 81, 82, 86, 87, 88, 90, 106, 113, 114, 115, 123, 124, 125 ,674.93 8, 9, 13, 24, 35, 44, 54, 56, 60, 61, 64, 66, 68, 70, 71, 73, 74, 77, 82, 90, 124 
In other reproductive proteins there is a correlation between codon sites subjected to positive selection and protein domains involved in species-specific binding of sperm and egg molecules (Swanson et al. 2001; Yang et al. 2000b) .
Phylogenetic utility of Acr.-Although the Acr data set included only 408 base pairs, several traditionally recognized clades were supported, including Hippotragini (H. niger and O. dammah: 99% maximum-likelihood bootstrap), Caprini (O. aries, O. canadensis, and H. jemlahicus: 99%), Antilopini (N. granti and A. marsupialis: 59%), Alcelaphini (D. pygargus, D. lunatus, A. buselaphus, B. hunteri, and C. taurinus: 62%), and the genus Ovis (99%; Fig. 2A ). Groupings of bovid tribes were strongly supported in several cases: Hippotragini þ Alcelaphini (96%), Caprini þ Rupicaprini (O. americanus, O. aries, O. canadensis, and H. jemlahicus: 100%), Hippotragini þ Alcelaphini þ Caprini þ Rupicaprini (93%), Antilopini þ Saigini (N. granti, A. marsupialis, and S. tatarica: 100%), and Antilopini þ Saigini þ R. campestris (100%). Many of these relationships have been supported by previous molecular studies (e.g., Gatesy et al. 1997; Hassanin and Douzery 1999; Matthee and Robinson 1999; Ropiquet and Hassanin 2005) , and all of the clades listed above, except for monophyly of Caprini, were resolved in our analysis of mt genes totaling 1732 aligned positions (Fig. 2B) . However, the diversification of major bovid lineages was apparently a rapid sequence of speciation (Allard et al. 1992; Vrba 1985) . Therefore, the strength of support for intertribal relationships in the small Acr data set suggests that this region of DNA is a promising phylogenetic marker from the nuclear genome.
Examination of the Acr data did not resolve relationships at the very base of Bovidae; early divergences in the group were reconstructed differently in maximum-likelihood and parsimony analyses, and neither method showed high bootstrap scores at this level ( Fig. 2A) . P. capreolus (Reduncini), O. oreotragus (Neotragini), and N. moschatus (Neotragini) were not positioned solidly in Acr trees, but the larger mtDNA and nuclear intron data sets analyzed here also could not robustly place these species (Figs. 2B and 2C) . At a more apical position in the Acr tree, a relatively slow rate of evolution within Alcelaphini did not provide sufficient phylogenetic information for resolving relationships among these recently diverged species ( Fig. 2A) , but the Acr tree data did not contradict the topology supported by the combined DNA data set (Fig. 2D) .
Incongruence length difference tests suggested limited character conflicts between Acr and the other DNA data sets; Pvalues ranged from 0.83 to 0.94. The different data partitions were characterized by a variety of evolutionary tempos and modes (Figs. 2A-C and 3; Appendix I), but congruence, not conflict, predominated. In the separate analyses of the Acr exon, the mtDNA, and the Sptbn1 intron, clades with bootstrap support . 80% showed no conflict among genes ( Figs. 2A-C) . These well-supported clades also were consistent with the TABLE 2.-Measures of variability and homoplasy for different molecular data sets. For each partition, the number of characters excluding positions with missing data or gaps (number of characters), the percentage of nucleotide sites that show variation (% variable characters), the percentage of parsimony-informative nucleotide sites (% informative characters), the average number of changes per nucleotide site as reconstructed by parsimony on the combined data maximum-likelihood topology (changes per site ML), the average number of changes per nucleotide site as reconstructed by parsimony on the combined data parsimony topology (changes per site P), the ensemble consistency index disregarding parsimony-uninformative nucleotide sites for the combined data maximum-likelihood tree (CI ML) and combined data parsimony tree (CI P), and the ensemble retention index for the combined data maximum-likelihood tree (RI ML) and combined data parsimony tree (RI P) are given. Sptbn1 data were available for 15 taxa (see Fig. 2C ); statistics for these 15 taxa also are shown for Acr so that meaningful comparisons could be made between the Sptbn1 and Acr data sets. FIG. 2.-Maximum-likelihood topologies for A) Acr, B) mitochondrial DNA from 3 genes, C) Sptbn1, and D) all DNA data combined. Circles at nodes mark groups supported by separate data sets (A-C) that are consistent with the combined analysis of all data (D). Maximumlikelihood bootstrap scores .50% are shown at internodes. Asterisks (*) mark nodes that were not strictly supported by equally weighted combined maximum-likelihood analysis of all DNA data (Fig. 2D) .
Patterns of homoplasy and variability.-For the bovid data set, the Acr exon 5 sequences had several properties that are considered to be desirable for resolution of recent phylogenetic divergences. These include a rapid rate of evolution (for a nuclear marker), a fairly even spread of substitutions among nucleotide sites, and low homoplasy ( Fig. 3 ; Table 2 ). The Acr sequences have a comparable level of variability relative to the 1st and 2nd codon positions of mt cytochrome b and to the mt rDNA genes. For the taxa examined here, the percentages of variable nucleotide sites at each of the 3 codon positions in Acr (range ¼ 32-47%) were greater than in any of the mt data partitions listed above (range ¼ 13-28%). The spread of substitutions among the 3 codon positions was much more even in Acr than in mt cytochrome b ( Fig. 3; Table 2 ), and levels of homoplasy, as indicated by the consistency index and the retention index, were much lower in the Acr data (CI ¼ 0. Variability was comparable in the Acr exon and the nuclear intron Sptbn1, but overall, the Acr data showed less character incongruence according to parsimony reconstructions (Table  2) . For the 15 taxa shared between these data sets, the Acr data had a slightly higher percentage of variable nucleotide sites (37% versus 36%), more substitutions per nucleotide site (0.57 versus 0.51), and a higher retention index (0.65 versus 0.54-0.55) . Phylogenetic analysis of the 15 Sptbn1 sequences (667 aligned nucleotide sites) produced maximum-likelihood trees with only 2 groups having bootstrap support . 80% (Fig. 2C) ; for the same 15 taxa, maximum-likelihood analysis of the smaller Acr data set (408 nucleotide sites) yielded 5 nodes with this level of support (results not shown).
Mitochondrial cytochrome b is perhaps the most commonly utilized marker for phylogenetic studies of mammalian species (Castresana 2001) . Direct comparison of mt cytochrome b to Acr hints at why the short Acr exon supported many relationships indicated by the combined DNA data set (Fig. 2D) . For the taxa examined here, cytochrome b has evolved at a very rapid rate at 3rd codon positions; 90% of these nucleotide sites vary, and there was an average of 3.42 substitutions per nucleotide site without correction for multiple hits ( Fig. 3 ; Table 2 ). Not surprisingly, given the number of overlapping mutations, homoplasy was high for this codon position (CI ¼ 0.34; RI ¼ 0.34-0.35). By contrast, the 1st and 2nd codon positions of cytochrome b have evolved at a slower rate ( Fig. 3 ; Table 2 ). Only 13% of 2nd codon sites varied in the taxa sampled here, and on average, only 0.22 substitutions have occurred per nucleotide site. Given this limited divergence, it might be expected that homoplasy should be low, but the retention index for 2nd positions of cytochrome b was 0.25, the lowest of any data partition examined here. This indicates extensive convergence and reversal at the few variable nucleotide sites in this class (Fig. 3) . Most 2nd codon positions (Fig. 2D) . The following are shown for the 3 codon positions of Acr, the 3 codon positions of mitochondrial cytochrome b, and mitochondrial 12S þ 16S rDNA: percentage of nucleotide sites that show variation (gray bars), average number of substitutions (as reconstructed by parsimony) per nucleotide site (white bars), ensemble consistency index for parsimony-informative nucleotide sites (CI), and ensemble retention index (RI). Values for the combined DNA parsimony tree were nearly identical (see Table 2 ). parsimony analysis. No nodes with maximum-likelihood bootstrap . 62% were contradicted by parsimony analysis, and all clades with parsimony bootstrap . 80% also had maximum-likelihood bootstrap . 80%. Branches are proportional to the expected number of substitutions per nucleotide site; note that scale bars are different for the 4 trees. Tribal affinities of bovid species are shown in D.
of mt cytochrome b have not changed for the taxa sampled here, but the few sites that have changed have done so quite often. The degree of homoplasy has been accentuated by the very high rate of transitions relative to transversions in the mtDNA data (e.g., C$T ¼ 53.6644 and C$G ¼ 0.6782; see Appendix I). Because many nucleotide sites in cytochrome b did not change, presumably because of stabilizing selection at the amino acid level, much of this data set was phylogenetically uninformative. The nucleotide sites that did vary were riddled with multiple transitions and had a high level of homoplasy (Fig. 3) .
By contrast, the Acr exon has evolved in a very different way. A high rate of nonsynonymous substitution (Table 1) has resulted in nearly equal numbers of substitutions at the 3 codon positions (Fig. 3) . In the absence of experimental or populationlevel data, it is difficult to determine whether particular amino acid replacements in Acr are due to weak functional constraints, directional selection, or diversifying selection. However, given the congruence of the Acr gene tree with topologies based on other data (Fig. 2 ) and the detection of only a few heterozygous sites in the direct sequencing of polymerase chain reaction products, we surmise that directional rather than diversifying selection is a more likely mode of evolution for the rapidly evolving codon sites ( Fig. 1; Table 1 ). More extensive sampling of Acr sequences will be required to rigorously test this hypothesis. Regardless, many nucleotide sites vary in this region of Acr, and because of a moderate evolutionary tempo (Fig. 3) combined with limited substitution bias toward transitions (Appendix I), homoplasy is low (Table 2) . Given this pattern of change, strong support for several clades emerged in analysis of the fairly short Acr sequences ( Fig. 2A) .
Conclusions.-Analyses presented here suggest that the mammalian fertilization protein acrosin has been subjected to adaptive evolution. Models that allow some codon sites to evolve with d N /d S . 1 fit the data significantly better than competing models (Table 1) . Although the precise function of acrosin remains elusive, high rates of nonsynonymous change at many codon sites (Fig. 1) imply that there has been persistent selection pressure to change the amino acid sequence of acrosin. Through comparisons to mt cytochrome b and other genes (Table 2) , we have argued that Acr is a promising phylogenetic marker. For the taxa examined here, exon 5 of Acr had a fairly even spread of substitutions across the 3 codon positions, a high level of variability overall, and low homoplasy (Fig. 3) . Moreover, strong support for many relationships was recovered in separate and combined analyses of Acr ( Figs.  2A and 2D) . In future studies, it may be productive to merge data from several rapidly evolving reproductive genes to help resolve phylogenetic radiations of other mammalian taxa.
